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The β decays 68Mn → 68Fe, 69Mn → 69Fe and 70Mn → 70Fe have been measured at the RIBF facility 
at RIKEN using the EURICA γ spectrometer combined with an active stopper consisting of a stack of 
Si detectors. The nuclei were produced as ﬁssion fragments from a beam of 238U at a bombarding 
energy of 345 MeV/nucleon impinging on a Be target and selected using the BigRIPS separator. Half-
lives and β-delayed neutron emission probabilities have been extracted for these decays, together with 
ﬁrst experimental information on excited states populated in 69,70Fe. The data indicate a continuously 
increasing deformation for Fe isotopes up to A = 70. This is interpreted, as for Cr isotopes, in terms of 
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108 G. Benzoni et al. / Physics Letters B 751 (2015) 107–112the interplay between the quadrupole correlations of the ν1d5/2 and ν0g9/2 orbitals and the monopole 
component of the π0f7/2–ν0f5/2 interaction.
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(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.Magic numbers, originating from large energy gaps in the shell 
structure of the single-particle states, constitute one of the fun-
damental features governing nuclear structure. The access to new 
exotic species, where the number of protons (Z) and neutrons (N) 
is highly asymmetric, showed the onset of new magic numbers 
and an evolution of shell gaps driven by the enhanced role of 
pairing interactions and of tensor terms [1,2]. These interesting 
ﬁndings, obtained using radioactive beams and conﬁrmed by the 
many developments in shell model calculations, are based on a 
very extensive experimental and theoretical work. Presently they 
are motivating additional experimental and theoretical investiga-
tions addressing these important issues on shell structure in nuclei 
further away from stability. Indeed, the evolution of shell struc-
ture depends strongly on the occupations of proton and neutron 
orbitals near the Fermi surface and on their mutual interactions, 
and, therefore, it can only be identiﬁed via systematic studies of 
nuclear properties in different isotopic and isotonic chains.
In this context, one region in the chart of nuclides attracting 
particular attention is that around 78Ni, a key region to study the 
path toward the N = 50 shell closure and its implications on the 
astrophysical r-process [3–5] for nucleosynthesis. In particular, the 
study of the evolution of excited states for the Cr, Fe, Zn, Ge iso-
topes provides a stringent test to shell model calculations leading 
to N = 50.
The existence of the sub-shell closure at N = 40 was proposed 
since a relatively large gap separates the pf shell from the neutron 
g9/2 single-particle state. This picture was initially conﬁrmed by 
the measurement of a large energy of the ﬁrst 2+ state in 68Ni and, 
more recently, of its B(E2) value: the level energy is much higher 
than the neighbouring even–even isotopes [6], while the B(E2) is 
indeed the smallest in the Nickel chain [7]. Langanke and collabo-
rators [8] argued, however, by comparing several approaches, that 
the small experimental B(E2) value could not be a conclusive ar-
gument in favour of a shell closure, since the missing strength lies 
in excited states above 4 MeV. Recent mass measurements support 
this picture, implying a relatively small shell gap [9].
The study of nuclei around 68Ni, in particular removing protons 
from the 0f7/2 orbital, conﬁrmed the picture of the vanishing of 
the shell closure at N = 40: the observed rapid drop in the energies 
of the 2+ states in Fe (Z = 26) [10–14] and Cr (Z = 24) [15,16]
isotopic chains points to an increased collectivity in these nuclei, 
which is expected to reach its maximum at N = 40 and N = 38
in Fe and Cr, respectively [17]. It has also been suggested that the 
ground states of 62–68Fe are dominated by spherical conﬁgurations, 
at variance with the ground states of 60–64Cr, which are associated 
to deformed shapes [18].
A very recent intermediate Coulomb excitation experiment [19]
extended the measurement of the B(E2 : 0+1 → 2+1 ) which were 
known only up to 66Fe [13,14] and gave the ﬁrst result at N = 40
in the Cr chain. The large B(E2) value found for 68Fe suggests an 
increased collectivity in this nucleus as compared to the lighter 
isotopes.
This large body of experimental works suggest that shell-model 
calculations have to include the neutron 1d5/2 orbital in order to 
reproduce the large quadrupole collectivity found in these isotopic 
chains. These computational-heavy calculations predict an onset of 
deformation for N = 40 in the Fe chain and at N = 38 in the Cr 
one. Chromium isotopes are expected to show maximum deforma-tions in this region, being the proton 0f7/2 orbital half ﬁlled [17,
20,21].
The work presented in this letter is intended to extend the ex-
perimental knowledge of the isotopic chain of Fe in the neutron 
rich side by new measurements that have provided the half-lives 
and β-delayed neutron emission probabilities of their β-decaying 
parents 68,69,70Mn, and the excitation energies of the ﬁrst excited 
states up to N = 44. These data are compared with the experi-
mental systematics for Ni, Fe, Zn, Ge, and with recent shell model 
calculations to deduce the orbitals involved in these new excita-
tions and collective effects, supporting the picture of an increasing 
deformation while adding neutrons.
The experiment here discussed was performed at RIKEN as 
part of the EURICA campaign at the Radioactive-Isotope Beam Fac-
tory (RIBF) facility. The nuclear species were produced by means 
of in-ﬂight ﬁssion of a 238U beam at a bombarding energy of 
345 MeV/nucleon. The experiment collected data for an equivalent 
time of 3 days with an average primary beam intensity of 10 pnA.
The resulting fragments were separated in the Big-RIPS separa-
tor, by the use of degraders at the intermediate dispersive foci [27]. 
The cocktail beam was transported through the ZeroDegree spec-
trometer down to the ﬁnal focal plane where it was then slowed 
down in an Al degrader to ensure the implantation of the species 
of interest in the 5 silicon detectors of the WAS3ABi array [28]. The 
total count rate at the ﬁnal focal plane was limited to 100 pps to 
ensure correct ion-β correlations. The Si array was surrounded by 
the EURICA spectrometer consisting of 12 EUROBALL HPGe cluster 
detectors [29]. Eighteen small volume LaBr3(Ce) scintillator detec-
tors were also employed for fast-timing measurements [30]. The 
yields for the mother nuclei, after implantation, were: 6700 68Mn 
ions, 4300 69Mn ions and 400 70Mn ions.
Once the different isotopes were identiﬁed, they were associ-
ated to their subsequent β decay by imposing spatial and temporal 
correlations: we requested the β event to be registered in the pixel 
where the implantation occurred, or in the closest neighbours, and, 
in addition, a time correlation window was imposed. All β events 
satisfying these conditions were associated with an implant. Typi-
cal β eﬃciency for 68,69,70Mn was estimated to be around 60%.
Since the half-lives of the Mn isotopes of interest are similar 
to those of their Fe and Co successors [22], a ﬁt to the Bate-
man equations [31], including the activity of daughter and grand-
daughter nuclei, was performed for each species. Half-lives of de-
cay successors were ﬁxed to their literature values [22] if known. 
The β-delayed neutron emission branch is expected to contribute 
signiﬁcantly to the total decay rate of the neutron-rich Mn iso-
topes [23]. Since β-delayed neutron emission probabilities (Pn) are 
not measured in 68–70Mn, they have been deduced as free pa-
rameters in the ﬁt. When the statistics were suﬃciently high, the 
half-lives were cross-checked with values obtained gating on de-
exciting γ -ray transitions of the daughter nuclei, by ﬁtting the 
decay spectrum with an exponential decay curve.
The evaluated half-lives for the discussed decays are the follow-
ing: 68Mn → 68Fe T1/2 = 38.3 ±3.6 ms, and T1/2 = 35.2 ±2 ms gat-
ing on γ transitions (521 + 865 + 1250 + 1514 keV); 69Mn → 69Fe
T1/2 = 24.1 ± 2.6 ms, and T1/2 = 25.8 ± 2.8 ms with gates on the 
following γ rays: 135, 325, 355, 521, 1207 keV. In the case of 
70Mn → 70Fe the half-life could only be extracted from a ﬁt of the 
decay curve, resulting in T1/2 = 19.9 ± 1.7 ms. Error bars include 
G. Benzoni et al. / Physics Letters B 751 (2015) 107–112 109Fig. 1. Bottom panel: systematics of half-lives in the Mn chain: open symbols are 
values found in the literature [22], while the ﬁlled ones are obtained from the 
analysis described here. Circles are the results of a multi-parameter ﬁt extending 
to the grand-daughter decay products, and including the delayed-neutron emission 
branches, while triangles are obtained with gates on γ transitions speciﬁc of the 
daughter nucleus. An offset has been introduced in the two sets of data for a better 
comparison of the results. The experimental values are compared to two different 
calculations: FRDM + QRPA [23] (solid line) and KTUY + GT2 [24,25] (dashed line). 
In the top panel, the β-delayed neutron emission probabilities are shown. The ﬁlled 
squares are the values extracted from our analysis, while ﬁlled dots are values tab-
ulated in Ref. [23] and ﬁlled diamonds are from Ref. [26].
both statistical and systematic errors, calculated from the χ -square 
minimization described earlier.
The measured half-lives are reported in the bottom panel of 
Fig. 1: ﬁlled circles represent the values extracted from a ﬁt to 
the β-decay spectrum, while ﬁlled triangles are obtained gating 
on de-exciting γ transitions in the daughter nuclei.
The values extracted from this analysis are shown together with 
the half-lives found in literature for lighter Mn isotopes (open 
dots) [22].
A comparison to theoretical predictions is given in the ﬁgure: 
the solid line shows predictions from the FRDM+QRPA model [23], 
while the dashed line from the KTUY+GT2 model [25,24]. The ﬁrst 
theoretical approach is based on the FRDM mass model and calcu-
lates the Gamow–Teller (GT) transition strength with a quasiparti-
cle random-phase approximation approach (QRPA). In this frame-
work ﬁrst-forbidden (FF) transitions are evaluated on the basis of 
statistical gross theory. The KTUY + GT2 theoretical model is in-
stead based on the KTUY mass formula combined with the second 
generation of gross theory for GT and FF transitions. If the ﬁrst 
model has been extensively used to predict half-lives of nuclei in 
or close to the r-process path, the more recent one, KTUY + GT2, 
has been recently proven to have a good predictive power in nuclei 
around 78Ni and in the A≈130 mass region [32,33].
Experimental data points lie in between the two theoretical 
models: while the FRDM + QRPA model seems to show a simi-
lar trend, it systematically underestimates the values by a factor of 
1.5–2; on the other hand, the predictions given by the KTUY+GT2 
approach show a much steeper behaviour than seen experimen-
tally, and get closer to the experimental values for the most exotic 
isotopes. FRDM + QRPA calculations predict an increased half-life 
at A = 68, which could hint to a more stable conﬁguration of this 
nucleus, together with an enhanced staggering in the odd-mass 
isotopes. This behaviour is not present in the experimental data, 
which show a smoother trend.Fig. 2. β-delayed γ -decay spectra following the decays 68Mn → 68Fe (upper panel), 
69Mn → 69Fe (middle panel) and 70Mn → 70Fe (bottom panel). Transitions belong-
ing to 68,69,70Fe are labelled, while transitions populating the β-n channel are in-
dicated by diamonds. The asterisks indicate transitions depopulating states in the 
grand-daughter nucleus.
In the top panel of Fig. 1 we report the Pn values extracted, for 
the ﬁrst time, from the ﬁt described earlier on. Previous half-life 
measurements either used theoretical values [10], or did not in-
clude explicitly this decay branch in the determination of the half-
lives [12]. The β-delayed neutron-emission branch starts to have a 
sizable value already for mass A = 68, and we see a steep increase 
for masses 69 and 70. Predictions by FRDM + QRPA (ﬁlled dots) 
start deviating from the experimental values at mass 69, pointing 
to a non-correct evaluation of the decay strength above the neu-
tron separation energy for these exotic nuclei.
On the other hand, very recent predictions based on a phe-
nomenological effective density model [26,34,35], which well ac-
count for Pn values in various regions of the decay chart, overes-
timate the beta-delayed emission probability at low neutron num-
bers, thus implying an early deviation of the β-decay path. This 
model seems instead to better account for heavier isotopes, even if 
it shows an unusual staggering behaviour, with Pn values decreas-
ing for the odd-N isotopes. The present results indicate that more 
reﬁned approaches, describing in detail the microscopic structure 
above the neutron separation energy, are required for a better re-
production of Pn values.
Though total beta-delayed neutron-emission probabilities are of 
foremost importance for r-process nucleosynthesis calculations and 
reactor operation, at present there are ∼150 Pn values experimen-
tally determined [36]. The need of Pn inputs for these applications 
has led to the development of models that calculate them from 
systematics, usually in nuclei near stability. The measurement of 
Pn values in more exotic nuclei is hence particularly helpful to test 
their applicability towards the neutron drip line.
Fig. 2 shows the energy spectra following the decays 68Mn →
68Fe (top panel), 69Mn → 69Fe (middle panel), and 70Mn → 70Fe
(bottom panel). All spectra are obtained requiring an ion-β corre-
lation time window spanning 5 half-lives. Transitions belonging to 
110 G. Benzoni et al. / Physics Letters B 751 (2015) 107–112Fig. 3. Partial level schemes following the β decays 68Mn → 68Fe (left) and 70Mn →
70Fe (right). Qβ values are taken from Ref. [40].
Table 1
γ -ray energies and relative intensities for the decay 68Mn → 68Fe (columns 1 
and 2) and 69Mn → 69Fe (columns 4 and 5). Column 3 reports transitions found 
in coincidence in the decay of 68Fe.
68Mn → 68Fe 69Mn → 69Fe
Eγ [keV] Irel [%] Coincidences Eγ [keV] Irel [%]
228.5* 3(2) 521, 1514 135.0 58 (15)
521 100(10) 865, 1250, 162.4 16 (12)
1514 325.1 100 (24)
865 38(7) 521 355.3 28 (18)
1250 16(6) 228.5, 521 393.3 22 (4)
1514 46(8) 521, 1250 521**
3500* 11(3) 631.5 7 (4)
1207.8 54 (11)
1514**
2037 44(13)
* Transitions not placed in the level scheme in Fig. 3.
** β-n channel.
each decay are labelled, while diamonds and asterisks mark tran-
sitions in the β-n channel and daughter decay, respectively.
We conﬁrm the β-decay spectrum of 68Mn reported previously 
in Refs. [12,37], even if we see a different relative population of the 
transitions at 1250 keV and 1514 keV, with the latter being more 
intense than the ﬁrst, while Liddick et al. [12] reported similar in-
tensity for those lines. The statistics for this decay allow to perform 
γ −γ coincidence studies, which support the level ordering shown 
in Fig. 3. Relative intensities and coincidence γ transitions are re-
ported in columns 2 and 3 of Table 1.
Decay transitions are reported for the ﬁrst time for 69Mn →
69Fe. In addition to the limited statistics collected for this channel, 
the decay of 69Mn is expected to be fragmented over a number 
of states, thus preventing the observation of γ − γ coincidences. 
Table 1 reports the energy and relative intensity of the γ transi-
tions populated in 69Mn → 69Fe (columns 4 and 5). The intensities 
have been normalized to that of the 325-keV line, which, by anal-
ogy to the spectra of the neighbouring odd-mass isotopes [38,39], 
is expected to feed the ground state.
The strong population of the 521-keV and 1514-keV transitions 
seen in the decay spectrum of 69Mn points to a large neutron-
emission branch, in line with the value of 40(20)% extracted by 
the ﬁt discussed previously. Following the β and β-n decay to the grand-daughter, in order to account for ground-state feed-
ing, we obtain a Pn value of 50(20)%, for the full chain 69Mn →
69Fe → 69Co.
It is to note that the delayed-neutron branch seems to be 
mainly decaying to the states at 521 keV and at 2035 keV in 
68Fe, and not to the state at 1386 keV: the 865-keV line, which 
is strongly populated in the direct decay, is not seen in the β-n 
branch of 69Mn. This might indicate a preferential population of 
speciﬁc states in the β-delayed neutron emission process.
In the bottom panel of Fig. 2, we show, for the ﬁrst time, γ -ray 
transitions following the decay 70Mn → 70Fe. 70Mn is a hard-to-
reach nucleus, and it has to be stressed that this spectrum follows 
the implantation of 400 ions only, proving the eﬃciency and se-
lectivity achievable with the EURICA setup. From systematics we 
associate the 483-keV line to the 2+ → 0+ transition and the 
855-keV line to the 4+ → 2+ transition.
The proposed level schemes following the β decay of even-
mass isotopes are shown in Fig. 3. At variance with the previous 
study [12], which reported a value <6%, the state at 2035 keV has 
an apparent β feeding of 18(6)%, and we also attribute a lower 
feeding to the ground state, <29(6)%. The comparison of the de-
cay patterns of 68Mn → 68Fe and 70Mn → 70Fe shows a sudden 
change: in the case of 70Mn → 70Fe the feeding seems to prefer-
ably go to the proposed 4+ state, while the 2+ state is mainly 
fed by internal decay coming from higher-lying states. The sudden 
change of the spin population in the daughter nuclei indicates dif-
ferent spin of the ground state of the mother nuclei.
The experimental results have been compared to a shell-model 
calculation performed with the CD-Bonn NN potential in the Vlow-k
approach, described thoroughly in Refs. [41,42], including, in the 
model space, the proton 0f7/2 and 1p3/2 orbitals and the neutron 
1p3/2, 1p1/2, 0f5/2, 0g9/2 and 1d5/2 orbitals. The recent calculations 
reported in Ref. [21] have been extended, in the current work, to 
the 68,70Fe isotopes.
The shell-model calculation gives, for 68Fe, the 2+1 state at 
545 keV and a 4+1 state at 1434 keV, in good agreement with the 
experimental values of 521 and 1386 keV. The state at 1386 keV 
has been proposed as the yrare 2+2 state in Ref. [12]. This assign-
ment has been made according to shell-model calculations exclud-
ing the 1d5/2 orbital from the neutron model space. In order to 
conﬁrm that the removal of this orbital leads to an inversion of the 
4+1 and 2
+
2 states, we have performed shell-model calculations in a 
reduced neutron-model space consisting of only four orbitals: our 
calculations provide the 2+2 level as second excited state, and the 
energy of the 4+ state increases to 1777 keV, which is in agree-
ment with the value of 1752 keV proposed in Ref. [12].
We propose the level ordering and tentative spin-parity assign-
ments shown in the left part of Fig. 3: the ﬁrst excited state, at 
521 keV, is proposed to be the ﬁrst 2+ state, and the level at 
1386 keV is tentatively assigned as Jπ = 4+ . The state at 2035 keV 
is interpreted as a low-J state, showing a branching ratio similar 
to that of the 2+ state: this can be either the second 2+ state or 
a second 0+ state. No direct ground-state decay from this state is 
observed.
Our shell model calculations predict, in the mother nucleus 
68Mn, a large number of states within few tens of keV, the ground 
state having Jπ = 0− and the ﬁrst excited state, at 19 keV, Jπ = 2+ . 
The observed decay pattern, mainly feeding low-J states, points to 
a J<3 assignment for the ground state of 68Mn, consistent with 
shell-model calculations. The present data are, most likely, affected 
by the pandemonium effect [43], and therefore, the assignment 
proposed is tentative.
In the case of 70Fe, we propose the level scheme shown on the 
right of Fig. 3: the ﬁrst excited state, at 483 keV, is interpreted 
as the ﬁrst 2+ state, while the second, at 1338 keV is interpreted 
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Z isotopic chains ranging from Z = 24 (Cr) to Z = 32 (Ge) (same symbols in the two 
panels). The bottom panel shows the trend of the ratio R4/2 = E(4+)/E(2+) in the Fe 
isotopic chain from N = 30 to N = 44: black dots correspond to experimental values, 
while the continuous (dashed) lines show shell-model (SM) predictions including 
(excluding) the 1d5/2 neutron orbital in the model space. See text for details. (For 
interpretation of the colours in this ﬁgure, the reader is referred to the web version 
of this article.)
as the ﬁrst 4+ state, in analogy with the systematics of the pre-
vious even–even isotope. This tentative assignment is additionally 
reinforced by our shell-model calculations, performed in the larger 
model space, which predict the ﬁrst 2+ state at an energy of 
487 keV and the ﬁrst 4+ state at 1359 keV.
In Fig. 4 we report the energies of the ﬁrst excited states mea-
sured in the isotopic chains right below (Cr and Fe) and above (Zn 
and Ge) the Z = 28 closed-shell Ni chain. The evolution of the 2+
energies is shown in the top panel, while that of the 4+ energies 
in the middle panel. Level energies known prior to this study are 
taken from Ref. [22].
The comparison of the different isotopic chains show that the 
Fe chain has the typical signature for an increasing deformation, 
and this trend is conﬁrmed by the energies of the 2+ and 4+ states 
in 70Fe reported in this letter for the ﬁrst time.
This tendency is also clearly seen in the R4/2 ratio between the 
excitation energies of the 4+ versus the 2+ states: the increas-
ing behaviour of the R4/2 for N = 42, 44 is conﬁrmed and points 
to a continuous increase in collectivity, owing to the interaction 
of the neutron 1d5/2 with the proton 0f7/2 orbitals. Moreover the 
developed quadrupole collectivity can be related to the occupa-
tion of neutron intruder orbitals which are quasi-SU(3) partners, 
which are, in this case, the 0g9/2 and 1d5/2 orbitals. This is at 
variance with calculations in Ref. [17] which predict the maximum 
deformation for mass 68, and is instead well reproduced by the 
calculations shown in this letter.The experimental ratios (black dots) are compared with calcu-
lations using a 4-orbital neutron model space (dashed blue line) 
and 5 orbitals (solid red line): the role of the 1d5/2 neutron orbital 
is highlighted here, since it is required to get a good placement of 
the 4+ level and, therefore, to reproduce the R4/2 ratio. There is 
a slight deviation of the 4+ energies for isotopes below N = 38, 
which reﬂects in the deviation of the R4/2 for these masses, as 
shown in the bottom panel of Fig. 4. The fact that the two predic-
tions (including and not including the 1d5/2 orbital) deviate of the 
same amount from the experimental R4/2 ratio below N = 38, im-
ply a non-essential role of this orbital in the description of lighter 
isotopes in the Fe isotopic chain. It is the inclusion of the neu-
tron 1d5/2 orbital which favours quadrupole correlations and the 
development of quadrupole collectivity in the mass region above 
N = 38, and not seen for lighter nuclei.
In conclusion this letter reports on new experimental informa-
tion on neutron-rich Fe isotopes up to mass 70. Half-lives and Pn
values are reported for the ﬁrst time in mass 70. The Pn values, 
in particular, show that this decay branch starts to be sizable al-
ready in 68Mn, becoming immediately very large in the heavier 
systems. Gamma-ray energies for the decay of 69Fe and 70Fe are 
shown for the ﬁrst time. For the odd isotope the limited statis-
tics do not allow to extract γ –γ coincidences. Its decay spectrum 
shows a substantial contribution from the β-delayed neutron chan-
nel, which seems to populate speciﬁc low-J states preferentially. By 
systematics, and supported by recent shell-model calculations, we 
assign the γ rays seen in the spectrum of 70Fe to the depopulation 
of the 2+1 and 4
+
1 levels.
The continuously growing R4/2 ratio between the energies of 
these two levels indicates an increasing collectivity in the Fe iso-
topic chain, well beyond N = 40.
It is found that the experimental R4/2 ratio is properly repro-
duced for N>36 by the shell model only with the inclusion of the 
1d5/2 neutron orbital in the valence space. This is interpreted, as 
for Cr isotopes, in terms of the interplay between the quadrupole 
correlations of the ν1d5/2 and ν0g9/2 orbitals and the monopole 
component of the π0f7/2–ν0f5/2 interaction, thus driving the de-
formation in the neutron-rich Cr–Fe region.
Since the maximum of quadrupole deformation has not been 
reached yet, investigating heavier Fe isotopes is of foremost inter-
est to assess the robustness of the N = 50 shell closure below 78Ni.
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